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We calculate the cross section for e+e− → H+e−ν¯ in the two-Higgs-doublet model from one-
loop diagrams involving top and bottom quarks. This process offers the possibility of producing
the charged Higgs boson at the e+e− collider when its mass is more than half the center-of-mass
energy, so that charged Higgs pair production is kinematically forbidden. The cross section receives
contributions from both s-channel and t-channel processes; the s-channel contribution dominates
for center-of-mass energies of 1 TeV and below. About 80% of the s-channel contribution comes
from the resonant process e+e− → H+W−, with W− → e−ν¯. The cross section is generally small,
below 0.01 fb for tanβ > 2, and falls with increasing tan β.
PACS numbers: 12.60.Jv, 12.60.Fr, 14.80.Cp, 14.80.Ly
I. INTRODUCTION
The Higgs mechanism provides an elegant way to ex-
plain electroweak symmetry breaking and the origin of
the masses of the Standard Model fermions. In the Stan-
dard Model with a single Higgs doublet, however, the
mass of the Higgs boson (and, therefore, the energy scale
of electroweak symmetry breaking) is quadratically sen-
sitive to physics at high energy scales via radiative cor-
rections. This sensitivity leads to a fine-tuning problem
between the electroweak scale and the cutoff (grand uni-
fication or Planck) scale.
Models that address the fine-tuning problem often en-
large the Higgs sector. For example, the Higgs sectors of
the Minimal Supersymmetric Standard Model (MSSM)
[1], topcolor-assisted technicolor [2], and some of the “lit-
tle Higgs” models [3] contain two Higgs doublets with
electroweak-scale masses. This enlargement of the Higgs
sector leads to the presence of a charged Higgs boson in
the physical spectrum, in addition to extra neutral states.
Observation of these extra Higgs bosons and the measure-
ment of their properties is a central goal in searches for
physics beyond the Standard Model. In this paper we
focus on the charged Higgs boson, H±.
Unlike the CP-even Higgs sector, in which at least one
of the CP-even Higgs bosons is guaranteed to be de-
tected at future colliders [4, 5, 6, 7], the discovery of the
heavy charged Higgs boson poses a special experimen-
tal challenge. Studies of charged Higgs boson production
at present and future colliders are generally done in the
context of the MSSM, or more generically, in a general
two Higgs doublet model (2HDM). Searches for H+H−
pair production at the CERN LEP-2 collider only set a
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lower bound on the charged Higgs mass of mH± > 78.6
GeV [8]. At Run II of the Fermilab Tevatron, now in
progress, the charged Higgs boson could be discovered in
top quark decays if mH± <∼ mt and if tanβ (the ratio of
vacuum expectation values of the two Higgs doublets) is
large [9]. No sensitivity is expected in direct production
unless QCD and supersymmetry (SUSY) effects conspire
to enhance the cross section [10].
The difficulty of discovering a heavy charged Higgs
boson comes from the fact that there are no tree level
W±ZH∓ andW±γH∓ couplings. This forbids potential
tree-level discovery processes like W±∗ → H±Z,H±γ
and Z∗ → H±W∓ at the Tevatron, weak boson fusion
W±∗Z∗ → H± at the CERN Large Hadron Collider
(LHC), and e+e− → Z∗ → H±W∓, e+e− → H+e−ν¯
at a future linear e+e− collider (LC). In addition, the
charged Higgs can not be produced via the s-channel
gluon fusion process at the LHC.
Charged Higgs bosons can of course be pair produced
at tree level. At hadron colliders, however, the coupling is
electroweak in strength which leads to a small production
cross section so that the signal has a hard time competing
with the huge QCD background. At the LC, the charged
Higgs boson can be pair produced via e+e− → H+H−.
This process requires mH± <
√
s/2, where
√
s is the LC
center-of-mass energy. This process is thus only useful for
a relatively light charged Higgs boson; for an experimen-
tal study, see Ref. [11]. For mH± >
√
s/2, the charged
Higgs boson must be produced singly.
Let us consider the production of a single charged
Higgs boson at tree level (without any other heavy Higgs
bosons in the final state). The only relevant process is a
charged Higgs boson produced together with third gen-
eration quarks or leptons. At the LHC, gb → H−t with
H− → τ−ν¯ is only good for large tanβ, where the bot-
tom and tau Yukawa couplings are enhanced. This dis-
covery channel will cover tanβ >∼ 10 formH± = 250 GeV
(tanβ >∼ 17 for mH± = 500 GeV) [12]. Within the con-
text of the MSSM, the absence of a neutral Higgs boson
2discovery at LEP-2 excludes the range 0.5 < tanβ < 2.4
at 95% confidence level [13]. (In a general 2HDM, how-
ever, these low values of tanβ are not yet excluded.)
This leaves a wedge-shaped region of parameter space at
moderate tanβ in which the charged Higgs boson would
not be discovered at the LHC. At the LC, the processes
e+e− → H+t¯b, H+τ−ν¯ have been considered in the liter-
ature [14]. At a 500 GeV LC with integrated luminosity
of 500 fb−1, both H+τ−ν¯ and H+t¯b production yield
≥ 10 events at large tanβ ∼ 40 for mH± <∼ 270 GeV,
with H+τ−ν¯ production having a slightly larger cross
section [14]. At a 1000 GeV LC with integrated luminos-
ity of 1000 fb−1, t¯bH+ production is more promising, due
to the larger phase space available; it yields ≥ 10 events
at large tanβ ∼ 40 for mH± <∼ 550 GeV, while τ−ν¯H+
production gives a reach of only mH± <∼ 520 GeV [14].
At low tanβ = 1.5, the reach in the H+t¯b channel is the
same as at tanβ = 40.
The charged Higgs boson can also be produced to-
gether with light SM particles via loop induced processes,
e.g., e+e− → H±W∓ and e+e− → H+e−ν¯. The first
process, e+e− → H+W−, was computed in the gen-
eral 2HDM in Refs. [15, 16, 17]. The additional one-
loop diagrams involving SUSY particles were computed
in Refs. [18, 19], and the behavior of the cross section as
a function of the SUSY parameter space was explored in
Ref. [20]. This process could extend the reach in mH±
at low tanβ beyond the pair production threshold. At a
500 GeV LC with integrated luminosity of 500 fb−1, more
than ten events can be produced in this channel for mH±
up to 330 GeV and tanβ up to 4.7 in the 2HDM, while
using an 80% left-polarized electron beam or including
contributions from light superpartners can increase the
cross section further.
In this paper, we expand upon these earlier results
by computing the cross section for the process e+e− →
H+e−ν¯ in the Type II 2HDM. In addition to the s-
channel process e+e− → H+W− in which the W− de-
cays to e−ν¯, this process also receives contributions from
t-channel gauge boson exchange. The t-channel diagrams
are potentially much more significant than s-channel di-
agrams at high collider center-of-mass energies. Finally,
our approach also takes into account non-resonant con-
tributions in the s-channel process.
In our calculation we include only the one-loop dia-
grams involving top and bottom quarks. We neglect dia-
grams involving gauge and/or Higgs bosons in the loop.
It was shown in Ref. [16] for the e+e− → H+W− pro-
cess that the diagrams involving gauge and Higgs bosons
are negligible unless the Higgs boson self-couplings are
large. In the MSSM, the Higgs boson self-couplings are
related to gauge couplings and are relatively small, so
that the gauge and Higgs boson loops are not impor-
tant. In a general 2HDM with large but perturbative
Higgs boson self-couplings, the gauge and Higgs boson
loop contributions to the e+e− → H+W− cross section
can be an order of magnitude larger than the top and bot-
tom quark loops, but only for moderate to large values
of tanβ where the cross section is already quite small
[16]. In the MSSM, the process e+e− → H+e−ν¯ will
also get contributions from loops involving SUSY parti-
cles. Their calculation is beyond the scope of our current
work1. However, we can estimate their impact based on
the results of Refs. [18, 20]; as we will show, for
√
s <∼ 1
TeV, the e+e− → H+e−ν¯ cross section is dominated by
the s-channel contribution, which is in turn dominated by
the resonant e+e− → H+W−, W− → e−ν¯ contribution.
This cross section can be enhanced by up to 50-100% at
low tanβ by loops involving light superpartners [18, 20].
This paper is organized as follows. In Sec. II we lay out
the formalism for the calculation and define form-factors
for the one-loop W+H−Z and W+H−γ couplings. We
also discuss the renormalization procedure and define the
counterterms. In Sec. III we present our numerical re-
sults. In Sec. IV we discuss the extension of our results
to the Type I 2HDM, larger extended Higgs sectors, and
the MSSM. Sec. V is reserved for our conclusions. We
summarize our notation and conventions in Appendix A
and give the full expressions for the matrix elements and
their squares in Appendix B. A derivation of the sum
of the contributions from H+W+ and H+G+ mixing is
given in Appendix C.
II. CALCULATION
Top and bottom quark loops contribute to the pro-
cess e+e− → H+e−ν¯ by inducing an effective W+V H−
coupling (with V = γ, Z) and by generating mixing be-
tween H+ and the W+ and G+ bosons, which must be
renormalized. We work in the ’t Hooft-Feynman gauge,
in which G+ is the Goldstone boson that corresponds to
the longitudinal component of W+.
A. Form-factors
We define the effective W+µ(k1)V
ν(k2)H
− coupling
as follows (with all particles and momenta incoming as
shown in Fig. 1):
iMµν = i [GV gµν +HV kν1kµ2 + FV iǫµναβk1αk2β] . (1)
Here k1 is the incoming momentum of the W
+, k2 is
the incoming momentum of V = γ, Z, and ǫ0123 = 1.
Assuming CP conservation, the effective coupling for the
Hermitian conjugate vertex W−µ(k1)V
ν(k2)H
+ is given
by Eq. (1) with FV → −FV . The diagrams involving
top and bottom quarks are shown in Fig. 1. Explicit
expressions for the form factorsGV , HV and FV are given
in Appendix B.
1 Preliminary results on the cross section of e+e− → H+e−ν¯ in
the framework of MSSM were shown in [21].
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FIG. 1: Top and bottom quark contributions to the one-loop
W+µV νH− vertex, where V = γ, Z.
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FIG. 2: One-particle-irreducible contributions to e+e− →
H+e−ν¯ due to the fermion triangle diagram shown in Fig. 1.
The effective W+V H− coupling gives both t-channel
and s-channel contributions to the matrix element for
e+e− → H+e−ν¯, as shown in Fig. 2. The corresponding
matrix elements can be written as
iMtloop = ie2gW
[
GV g
µν +HV k
tν
1 k
tµ
2 + FV iǫ
µναβkt1αk
t
2β
]
× v¯(e
+
i )γµPLv(ν¯f )u¯(e
−
f )γν(g
eL
V PL + g
eR
V PR)u(e
−
i )
[kt21 −m2W ][kt22 −m2V ]
(2)
iMsloop = ie2gW
[
GV g
µν +HV k
sν
1 k
sµ
2 + FV iǫ
µναβks1αk
s
2β
]
× u¯(e
−
f )γµPLv(ν¯f )v¯(e
+
i )γν(g
eL
V PL + g
eR
V PR)u(e
−
i )
[ks21 −m2W + imWΓW ][ks22 −m2V ]
, (3)
where we use the notation e−i ≡ pe−
i
, etc. The momenta
kt,s1,2 are given by:
kt1 = e
+
i − ν¯f , kt2 = e−i − e−f ,
ks1 = −e−f − ν¯f , ks2 = e−i + e+i . (4)
PR,L = (1± γ5)/2 are the right- and left-handed projec-
tion operators. The gauge couplings gW and g
eL,R
V are
given in Appendix A. The additional contribution from
the counterterm for the W+V H− vertex is given in the
next subsection.
B. Renormalization
We now compute the H+W+ and H+G+ mixing ef-
fects and renormalize the theory. A set of diagrams
contributes to e+e− → H+e−ν¯ in which a W boson or
charged Goldstone boson G+ is radiated and turns into
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FIG. 3: The t-channel mixing self-energy and counterterm
contributions to e+e− → H+e−ν¯. The shaded blob denotes
the renormalized mixing self-energy and the X denotes the
W+µV νH− counterterm.
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FIG. 4: As in Fig. 3 but for the s-channel contributions.
anH+ through renormalized mixing diagrams. These are
shown in Figs. 3 and 4 for the t- and s-channel processes,
respectively, along with the W+H−V coupling countert-
erm (denoted by an X) which renormalizes theW+H−V
vertex. We neglect all diagrams that are proportional
to the electron or neutrino mass.
The top and bottom quark loops that give rise to the
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FIG. 5: Top and bottom quark contributions to the W+H+
and G+H+ mixing (left) and the corresponding counterterms
(right).
W+H+ and G+H+ mixing are shown in Fig. 5, along
with their counterterms. The W+H+ mixing diagram
is denoted by −ikµΣW+H+(k2), where k is the incoming
momentum of the W+ boson and H+ is outgoing. The
Hermitian conjugate diagram, with H− outgoing, has the
opposite sign. The G+H+ mixing diagram is denoted by
+iΣG+H+(k
2), where k is the incoming momentum of the
G+ and H+ is outgoing. The Hermitian conjugate dia-
gram, with H− outgoing, is the same. The renormalized
mixing two-point functions are denoted with a hat.
Because the process e+e− → H+e−ν¯ is zero at tree
level, the renormalization procedure is quite simple. In
our discussion below, we follow the same on-shell renor-
malization scheme used in Ref. [15]. In fact, we need im-
pose only the following two renormalization conditions.
First, the renormalized tadpoles are set to zero. Second,
the real part of the renormalizedW+H+ mixing is set to
zero when H+ is on mass shell:
Re ΣˆW+H+(m
2
H±) = 0. (5)
This fixes the counterterm for W+H+ mixing shown in
Fig. 5:
mW sinβ cosβ δc = ReΣW+H+(m
2
H±), (6)
where δc is a combination of counterterms (see, e.g.,
Ref. [22] for the definitions of the counterterms):
δc ≡ δZH1 − δZH2 − δv1/v1 + δv2/v2. (7)
The renormalized G+H+ mixing two-point function,
ΣˆG+H+(k
2), is fixed in terms of the renormalizedW+H+
mixing two-point function ΣˆW+H+(k
2) by the Slavnov-
Taylor identity (see, e.g., Refs. [23, 24] for details):
k2ΣˆW+H+(k
2)−mW ΣˆG+H+(k2) = 0. (8)
Thus Eq. (5) also fixes the counterterm for G+H+ mixing
shown in Fig. 5.
There is also a counterterm for the W+µV νH−
vertex (all particles incoming), given by
−igGVmW sinβ cosβ δc gµν and denoted by the X in
the last diagram of Figs. 3 and 4. The coupling gGV
is defined in Appendix A, Eq. (A6). The counterterm
for the Hermitian conjugate vertices, with W−µV νH+
incoming, is identical. This counterterm δc is also fixed
by the condition in Eq. (5).
Applying these renormalization conditions, we find
that the sum of the diagrams in Figs. 3 and 4 reduces to
a quite simple result for both the t-channel and s-channel
processes. See Appendix C for a detailed derivation. For
the t-channel process, the sum of the diagrams in Fig. 3
is:
iMtren = ie2gW
[−gGV ΣW+H+(m2H±)gµν] (9)
× v¯(e
+
i )γµPLv(ν¯f )u¯(e
−
f )γν(g
eL
V PL + g
eR
V PR)u(e
−
i )
[kt21 −m2W ][kt22 −m2V ]
.
For the s-channel process, the sum of the diagrams in
Fig. 4 is:
iMsren = ie2gW
[−gGV ΣW+H+(m2H±)gµν] (10)
× u¯(e
−
f )γµPLv(ν¯f )v¯(e
+
i )γν(g
eL
V PL + g
eR
V PR)u(e
−
i )
[ks21 −m2W + imWΓW ][ks22 −m2V ]
.
Comparing these expressions to Eqs. (2) and (3), the sum
of the counterterm and wavefunction renormalization di-
agrams can be written as a contribution to the form fac-
tor GV , for both the s- and t-channel processes:
GtotV = G
loop
V − gGV ΣW+H+(m2H±). (11)
The explicit expression for ΣW+H+(k
2) is given in Ap-
pendix B.
One possible concern is that including the fixed W
decay width in the W propagators for the s-channel dia-
grams might spoil the gauge invariance of the calculation.
In our calculation, we use the “factorization scheme”,
which is guaranteed to be gauge independent. Follow-
ing, e.g., the discussion in Ref. [25], the one-loop matrix
element in the factorization scheme is given by2
M = k
s2
1 −m2W
ks21 −m2W + imWΓW
MΓW=0, (12)
which is exactly the relation that we used to obtain
Eqs. (3) and (10).
C. Polarized cross sections
To compute the polarized cross sections, we first define
the following combinations of form-factors:
(G,H, F )t,sL,R =
∑
V=γ,Z
e2gW g
eL,R
V (G,H, F )V
[(kt,s1 )
2 −m2W ][(kt,s2 )2 −m2V ]
.
(13)
2 For processes that are nonzero at tree level, care must be taken
to avoid double-counting the W width. This is not a concern
here since the tree level matrix element is zero.
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FIG. 6: Cross section for e+e− → H+e−ν¯ as a function of
tan β for
√
s = 500 GeV and mH± = 250 GeV. We show the
total cross section (solid line), s-channel contribution (dashed
line) and t-channel contribution (dotted line).
The square of the matrix element is then given as fol-
lows. Because the W -boson couples only to left-handed
fermions, the t-channel diagrams contribute only to
M(e+Re−L,R). Similarly, because of the vector coupling
of V = γ, Z, the s-channel diagrams contribute only
to M(e+Re−L ) and M(e+Le−R). Thus, only the square of
M(e+Re−L) will involve interference between the s- and t-
channel diagrams, and M(e+Le−L ) is zero. In particular,
we have:
|M(e+Re−L )|2 = KtL +KsL +Kst, |M(e+Le−R)|2 = KsR,
|M(e+Re−R)|2 = KtR, |M(e+Le−L )|2 = 0, (14)
where KtL,R, K
s
L,R and K
st are given in Appendix B in
terms of the form-factors in Eq. (13).
III. NUMERICAL RESULTS
In this section, we present our numerical results for
the cross section of e+e− → H+e−ν¯. We have used the
LoopTools package [26] to compute the one-loop inte-
grals. The electron and positron beams are assumed to
be unpolarized unless specified explicitly. Also, we plot
the cross section for e+e− → H+e−ν¯ only. The cross
section for the charge-conjugate process is the same (for
unpolarized beams); adding them together doubles the
cross sections shown.
We first show the tanβ dependence of the cross section
for fixed mH± =
√
s/2 in Figs. 6 (
√
s = 500 GeV) and 7
(
√
s = 1000 GeV). The cross section falls like (tanβ)−2
due to the factor of yLHtb ∝ cotβ in the matrix elements.
At very large tanβ values the cross section begins to turn
upward again due to terms proportional to yRHtb ∝ tanβ
in the matrix elements. This effect is barely visible at
tanβ = 40 in Fig. 6. At a 500 GeV LC, the cross section
for a charged Higgs boson with 250 GeV mass is larger
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 0.5  1  2  3  4  5  10  20  30  40
Cr
os
s 
se
ct
io
n 
(fb
)
tan β
Unpolarized beams
Ecm = 1000 GeV, MH+ = 500 GeV
s-channel
t-channel
total
FIG. 7: As in Fig. 6 but for
√
s = 1000 GeV and mH± = 500
GeV.
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FIG. 8: Cross section as a function of
√
s for mH± =
√
s/2
and tan β = 2.5, to show different behavior of s-channel and
t-channel contributions.
than 0.01 fb (corresponding to 10 events for integrated
luminosity L = 500 fb−1 when both H+ and H− are
taken into account) only for small tanβ < 1.7.
From Figs. 6 and 7 we can also see that at
√
s = 500
GeV, the s-channel contribution dominates the total
cross section, while at
√
s = 1000 GeV, the s- and t-
channel contributions become comparable. This center-
of-mass energy dependence of the cross section can be
seen in Fig. 8, which shows the s-channel (dashed line)
and t-channel (dotted line) contributions versus center-
of-mass energy for mH± =
√
s/2 and tanβ = 2.5. The
t-channel contribution dominates when
√
s > 1050 GeV.
This crossover happens at a higher center-of-mass energy
than in the case of the similar process e+e− → νν¯A0, for
which the t-channel dominates when
√
s > 670 GeV [27].
In general, the t-channel contribution becomes more im-
portant than the s-channel contribution at larger
√
s val-
ues because of the propagator suppression ∼ 1/s of the
s-channel contribution. In the process e+e− → νν¯A0,
there is an additional enhancement of the t-channel con-
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FIG. 9: Cross section as a function of mH± for tanβ = 2.5
and
√
s = 500 GeV.
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FIG. 10: As in Fig. 9 but with an 80% left-polarized e− beam.
The t-channel contribution is now different for the H+e−ν¯
and H−e+ν final states, as indicated by the green (gray) and
black lines, respectively. Notice that there are two solid lines
for total cross section, corresponding to H+e−ν¯ and H−e+ν
respectively.
tribution from the fact that the W+e−ν¯ coupling in the
t-channel process is larger than the Ze+e− and Zνν¯ cou-
plings in the s-channel process. This makes the t-channel
contribution start to dominate at a smaller
√
s value in
e+e− → νν¯A0 than in e+e− → H+e−ν¯, where such addi-
tional enhancement from the relevant couplings does not
occur.
We also show the charged Higgs mass dependence
of the cross section for an unpolarized electron beam
(Fig. 9) and an 80% left-polarized electron beam
(Fig. 10). With a polarized electron beam (and un-
polarized positron beam), the t-channel contribution to
the e+e− → H+e−ν¯ cross section is different from that
to the e+e− → H−e+ν cross section. This is because
for e+e− → H+e−ν¯, the t-channel W boson couples to
the positron beam, while for e+e− → H−e+ν it cou-
ples to the electron beam. Left-polarizing the electron
0.5
1
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5
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ta
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FIG. 11: Cross section in the mH± − tanβ plane for unpo-
larized beams with
√
s = 500 GeV. The vertical dotted line
indicates the pair production threshold, mH± =
√
s/2 = 250
GeV.
beam thus has a much more sizable effect on the t-channel
e+e− → H−e+ν cross section, enhancing it significantly.
Left-polarizing the electron beam causes a slight sup-
pression of the t-channel e+e− → H+e−ν¯ cross section,
due to the relative size of the sum of the photon and Z
exchange diagrams for left- and right-handed electrons.
The s-channel contribution is identical for the two final
states; it is enhanced by about 50% with an 80% left-
polarized e− beam, which is consistent with the results
for the process e+e− → H+W− [18].
We summarize the results of Figs. 6 and 9 in Fig. 11,
where we show contours of cross section for e+e− →
H+e−ν¯ in the mH± − tanβ plane. A cross section above
0.1 fb corresponds to 100 charged Higgs events (com-
bining H+ and H−) in an integrated luminosity of 500
fb−1. This occurs mainly only for mH± <
√
s/2, and
thus would not aid in the charged Higgs discovery. It
could, however, be useful for measuring tanβ at low tanβ
values, due to the strong (tanβ)−2 dependence of the
cross section. The e+e− → H+e−ν¯ events could be sepa-
rated from e+e− → H+H− events by using the fact that
H− → e−ν¯ is suppressed by the tiny electron Yukawa
coupling. A cross section above 0.01 fb corresponds to
10 charged Higgs events (again combining H+ and H−)
in 500 fb−1, and is probably the limit of relevance of
this process. It offers some reach for mH± >
√
s/2
for low tanβ values below 1.7. The statistics could be
roughly doubled by including the H+µ−ν¯ and H−νµ+
final states, which receive only s-channel contributions
and have the same s-channel cross section as the process
with an electron or positron in the final state.
Since the s-channel contribution dominates the total
cross section for
√
s <∼ 1000 GeV, we show the compari-
son of the cross section for e+e− → H+e−ν¯ with that of
the resonant process e+e− → H+W− (with W− → e−ν¯)
in Fig. 12. In the e+e− → H+W− cross section calcu-
lation we include only the top and bottom quark loops
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FIG. 12: Comparison of the cross section for e+e− → H+e−ν¯
with the resonant process e+e− → H+W−, with W− → e−ν¯.
Here we plot the cross section on a linear scale so that the
difference between the full s-channel contribution and the res-
onant sub-diagrams will be visible.
and we use the tree-level result for the branching ratio
of W− → e−ν¯ in order to make a consistent compari-
son. The resonant contribution is about 80% of the full
s-channel cross section.
IV. MODEL DEPENDENCE
Here we discuss the model dependence of our results,
and show how they can be extended beyond our current
calculations.
A. Higgs potential
Since we have included only the top and bottom quark
loops in our calculation, our results are valid regardless
of the form of the Higgs potential for the 2HDM. Once
the contributions of gauge and Higgs boson loops are
included, however, the cross section will depend on the
form of the Higgs potential through the Higgs boson self-
couplings. As shown in Ref. [16], the effect of the gauge
and Higgs boson loops on the e+e− → H+W− cross
section is negligible unless the Higgs boson self couplings
are very large; even then, the gauge and Higgs boson
loops only become important for tanβ >∼ 4, where the
cross section has already fallen off by more than an order
of magnitude compared to tanβ = 1. Thus, even if the
Higgs boson self-couplings are large, we do not expect
the gauge and Higgs boson loops to be important when
the cross section is large enough to be observed.
B. Type I vs. Type II 2HDM
In our numerical results we have assumed that the
Higgs sector is the Type II 2HDM, in which one Higgs
doublet gives mass to the up-type quarks and the other
Higgs doublet gives mass to the down-type quarks and
the charged leptons. In the Type I 2HDM, one Higgs
doublet gives mass to all fermions. In this case, all our
results remain the same except that yRHtb in Eq. (A7) is
modified to
yRHtb =
mb cotβ√
2mW sW
(Type I). (15)
The effect of this is that the curves in Fig. 6 do not start
to flatten out at high tanβ. The results at low tanβ
are unchanged. Thus, to a very good approximation, our
results are valid also for the Type I 2HDM, except at
large tanβ.
C. Higgs sector extensions beyond the 2HDM
We may also consider the effects of extending the Higgs
sector beyond the 2HDM. Adding neutral Higgs singlets
can only affect the gauge and Higgs boson loops, which
we have argued are unlikely to be experimentally rele-
vant. Adding charged Higgs bosons via additional dou-
blets or charged singlets leads to a Higgs sector with
more than one charged Higgs boson, the lightest of which
will in general be a mixture of the various gauge eigen-
states. To avoid Higgs-mediated flavor changing neutral
currents, fermions of each charge should couple to no
more than one Higgs doublet [28]. Thus the mixing will
in general lead to a suppression of the lightest H± cou-
plings to top and bottom quarks; the effect will be the
same as increasing tanβ in the Type I model.
Adding larger Higgs multiplets leads to more interest-
ing effects. For example, adding a Higgs triplet with
a nonzero vacuum expectation value leads to a nonzero
W+ZH− coupling at tree level. This tree-level W+ZH−
coupling is proportional to the triplet vacuum expecta-
tion value v3:
3
gW+ZH− =
{
g2(c2W − 2)v3/
√
2cW complex triplet
g2cW v3 real triplet.
(16)
The triplet vacuum expectation value is forced to be
small by the experimental constraints on weak isospin
violation:
δρ =
{ −2v23/v2SM complex triplet
4v23/v
2
SM real triplet.
(17)
3 The vacuum expectation value is normalized according to 〈φ0〉 =
v3/
√
2 for a complex triplet and 〈φ0〉 = v3 for a real triplet.
8The current constraint on contributions to the ρ param-
eter from new physics is −0.0016 < ∆ρ < 0.0058 at the
2σ level [29]. This leads to an upper bound on the tree-
level cross section for e+e− → H+e−ν¯ of 0.0035 fb for
a real triplet, or 0.0026 fb for a complex triplet, with
mH+ = 250 GeV at
√
s = 500 GeV and assuming un-
polarized beams. This corresponds to 3.5 events (count-
ing H+ and H− final states) in 500 fb−1 of integrated
luminosity for a real triplet, and 2.6 events for a com-
plex triplet, both of which are too small to be observ-
able. From Fig. 6, these cross sections become compa-
rable to the loop-induced cross section in the 2HDM at
tanβ ≃ 3− 3.5.
D. MSSM
In the MSSM, this process will get contributions from
SUSY loops, just as e+e− → H+W− does. In the latter
case, the SUSY loops could increase the cross section by
50-100% at low tanβ if the SUSY particles are relatively
light [20]. Since the resonant e+e− → H+W− subprocess
dominates the cross section at
√
s <∼ 1000 GeV, we expect
this enhancement to carry over. In the MSSM, however,
tanβ is limited to be above 2.4 [13], which already leads
to a somewhat smaller cross section.
A different source of SUSY corrections to the e+e− →
H+e−ν¯ cross section is the SUSY radiative correction
to the bottom quark Yukawa coupling, parameterized by
∆b [30]. This correction arises from a coupling of the
second Higgs doublet Φ2 to the bottom quark induced at
one-loop by SUSY-breaking terms:
− LYukawa ≃ hbΦ01b¯b+ (∆hb)Φ02b¯b. (18)
While ∆hb is one-loop suppressed compared to hb, for
sufficiently large tanβ ≡ v2/v1 the contribution of both
terms in Eq. (18) to the b quark mass can be comparable
in size. This leads to a large modification of the tree-level
relation for the bottom quark mass,
mb =
hbv1√
2
(1 + ∆b), (19)
where ∆b ≡ (∆hb) tanβ/hb. The correction ∆b comes
from two main sources: (1) a bottom squark–gluino loop,
which depends on the masses mb˜1,2 of the two bottom
squarks and the gluino mass mg˜; and (2) a top squark–
Higgsino loop, which depends on the masses mt˜1,2 of the
two top squarks and the Higgsino mass parameter µ.
Neglecting contributions proportional to the electroweak
gauge couplings, we have explicitly [30]:
∆b ≃ 2αs
3π
mg˜µ tanβ I(mb˜1 ,mb˜2 ,mg˜)
+
Yt
4π
Atµ tanβ I(mt˜1 ,mt˜2 , µ). (20)
Here At is the trilinear coupling in the top squark sec-
tor, αs = g
2
s/4π, and Yt ≡ h2t/4π. The loop function I
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FIG. 13: Cross section for e+e− → H+e−ν¯ as a function of
tan β for
√
s = 500 GeV and mH± = 250 GeV. The MSSM
parameters are specified in the text. In the region near ∆b =
−1, we cut off the divergence by requiring e|yRHtb| ≤ 4pi. The
dotted line shows the total cross section for ∆b = 0.
is positive definite. Since the Higgs coupling ∆hb is a
manifestation of SUSY breaking, it does not decouple in
the limit of large SUSY breaking mass parameters. In
fact, if all SUSY breaking mass parameters and µ are
scaled by a common factor, ∆b remains constant. These
corrections modify yRHtb in Eq. (A7):
yRHtb =
mb cotβ√
2mW sW
1
1 + ∆b
(MSSM). (21)
To explore the impact of these effects, we plot the cross
section for e+e− → H+e−ν¯ in Fig. 13 with the specific
choices of mH+ = 250 GeV,
√
s = 500 GeV, µ = −2
TeV, mb˜R = 525 GeV, mg˜ = mb˜L = mt˜L,R = 1 TeV, and
At = Ab = µ/ tanβ+
√
6mt˜L (corresponding to maximal-
mixing in the top squark sector), and compare to the
result that would be obtained without including ∆b. For
these input parameters, ∆b varies between − tanβ/26
and − tanβ/22 for tanβ between 1 and 50. For ∆b ≃
−1 the resulting yRHtb becomes quite large, making our
perturbative results unreliable. To control such effects we
cut off the divergence in this region by requiring e|yRHtb| ≤
4π. The dip in the cross section at tanβ ≃ 20 is due
to destructive interference between various terms, which
changes to constructive interference for tanβ > 22 where
∆b < −1 and yRHtb has the opposite sign than in the
SM case. While the modification of the cross section due
to ∆b can be quite significant, it occurs at large tanβ
where the cross section is already very small, and thus is
unlikely to be observable for perturbative values of yRHtb.
V. CONCLUSIONS
We have computed the cross section for e+e− →
H+e−ν¯, from one-loop diagrams involving top and bot-
tom quarks in the Type II two-Higgs-doublet model. This
9process is interesting because it offers an opportunity to
produce the charged Higgs boson in e+e− collisions for
charged Higgs masses above half of the collider center-
of-mass energy. Because this process first appears at the
one-loop level, however, its cross section is very small.
At low values of tanβ ∼ 1 − 2 the cross section can
reach the 0.01 fb level at
√
s = 500 GeV and mH± = 250
GeV, leading to 10 events in 500 fb−1 when the cross sec-
tions for H+ and H− production are combined. Using an
80% left-polarized e− beam increases the cross section by
about 50%. The cross section falls with increasing tanβ
like (tanβ)−2.
The process e+e− → H+e−ν¯ receives contributions
from s-channel and t-channel diagrams, which behave
differently with increasing center-of-mass energy. The s-
channel contribution dominates at low
√
s <∼ 1 TeV, while
the t-channel contribution dominates at higher energies.
The s-channel contribution is in turn dominated (at the
80% level) by the resonant sub-process, e+e− → H+W−,
with W− → e−ν¯. Because of this, in the context of the
MSSM we expect the effects of light superpartners calcu-
lated for the e+e− → H+W− cross section to carry over
to the process e+e− → H+e−ν¯. Light superpartners can
lead to an increase in the e+e− → H+W− cross section
by 50-100% at low tanβ.
The final state containing e−ν¯ is experimentally at-
tractive because it is easy to tag compared to hadronic
W decays. To increase the statistics, one could also in-
clude the e+e− → H+µ−ν¯ channel, which comes only
from the s-channel diagrams. This would roughly double
the cross section at
√
s = 500 GeV, where the t-channel
process does not contribute significantly. The processes
e+e− → H+qq¯′ for the first two generations of quarks
could also be included (analogous to including hadronic
W decays); it would then contribute another six times
the s-channel cross section of the electron mode. For the
third generation, e+e− → H+τ−ν¯ and e+e− → H+t¯b,
however, the tree level contributions dominate due to the
relatively large Yukawa couplings. Such channels have al-
ready been studied in [14].
For mH± <
√
s/2, where the charged Higgs boson can
be pair produced, the process e+e− → H+e−ν¯ could still
be useful to measure tanβ due to the strong (tanβ)−2
dependence of the cross section. This process should be
separable from the pair production process since the H−
decay to e−ν¯ is suppressed by the tiny electron Yukawa
coupling.
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APPENDIX A: NOTATION AND CONVENTIONS
For the one-loop integrals we follow the notation of
Ref. [26]. The one-point integral is:
i
16π2
A(m2) =
∫
dDq
(2π)D
1
(q2 −m2) , (A1)
where D is the number of dimensions. The two-point
integrals are:
i
16π2
{B0, kµB1} (k2,m20,m21) = (A2)∫
dDq
(2π)D
{1, qµ}
(q2 −m20)((q + k)2 −m21)
.
The three-point integrals are:
i
16π2
{C0, Cµ, Cµν} = (A3)∫
dDq
(2π)D
{1, qµ, qµqν}
(q2 −m20)((q + k1)2 −m21)((q + k2)2 −m22)
,
where the tensor integrals are decomposed in terms of
scalar components as
Cµ = kµ1C1 + k
µ
2C2
Cµν = gµνC00 + k
µ
1 k
ν
1C11 + k
µ
2 k
ν
2C22
+(kµ1 k
ν
2 + k
µ
2 k
ν
1 )C12. (A4)
The arguments of the scalar three-point integrals are
(k21 , (k2 − k1)2, k22 ,m20,m21,m22).
For couplings and Feynman rules we follow the con-
ventions of Ref. [1]. The photon and Z boson coupling
coefficients to fermions are:
gfLγ = g
fR
γ = −ef , (A5)
gfLZ = (−T3 + efs2W )/sW cW , gfRZ = (efs2W )/sW cW ,
where the electric charges are eν = 0, ee = −1, eu = 2/3,
and ed = −1/3 and where T3 = 1/2 for ν, u and T3 =
−1/2 for e, d.
For the W and Z boson and photon couplings to
fermions and the Goldstone boson we define:
gW = −1/
√
2sW , gγ = −e, gZ = −ecW /sW ,
gGγ = e, g
G
Z = −esW/cW . (A6)
Finally, theH± coupling coefficients to top and bottom
quarks are:
yLHtb =
mt cotβ√
2mW sW
, yRHtb =
mb tanβ√
2mW sW
. (A7)
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APPENDIX B: MATRIX ELEMENTS
1. Top and bottom quark contributions
The W+H+ mixing diagram (Fig. 5) was given in
Refs. [15, 16, 18]:
ΣW+H+(k
2) =
Ncα
2π
gW
[
(mty
L
Htb +mby
R
Htb)B1
+mby
R
HtbB0
]
, (B1)
with the arguments of the two-point integrals given by
B(k2,m2b ,m
2
t ).
The top and bottom quark contributions to the effec-
tive W+µ VνH
− coupling are shown in Fig. 1. The corre-
sponding form-factors GV , HV and FV can be read off
from the s-channel matrix element for e+e− → W+H−
given in Refs. [15, 16, 18] using the following relation:
iM = ie
s−m2V
{
GV [g
eR
V A1 + geLV A2]−HV [geRV (A3 +A5) + geLV (A4 +A6)] + FV [geRV A7 + geLV A8]
}
, (B2)
where the Ai are matrix elements defined in Refs. [15, 18]. The loop involving t, b, b gives:
GV =
eαNcgW
2π
[−(mtgdLV yLHtb +mb(gdLV − gdRV )yRHtb)B0 + 2gdLV (mtyLHtb +mbyRHtb)C00
+(−gdLV (mtyLHtb +mbyRHtb)k21 + (mtgdLV yLHtb −mbgdRV yRHtb)(−k21 − k1 · k2))C1
+(gdLV (mty
L
Htb +mby
R
Htb)(−k21 − k1 · k2)− (mtgdLV yLHtb −mbgdRV yRHtb)m2H± )C2
+(−m3tgdLV yLHtb −m2tmb(gdLV − gdRV )yRHtb +mtm2bgdRV yLHtb +mtgdLV yLHtb(−k21 − k1 · k2))C0
]
HV = −eαNcgW
2π
[−2gdLV (mtyLHtb +mbyRHtb)(C12 + C22)− gdLV (3mtyLHtb +mbyRHtb)C2 − (mtgdLV yLHtb −mbgdRV yRHtb)C1
−mtgdLV yLHtbC0
]
FV =
eαNcgW
2π
[
mtg
dL
V y
L
HtbC0 + (mtg
dL
V y
L
Htb +mbg
dR
V y
R
Htb)C1 + g
dL
V (mty
L
Htb +mby
R
Htb)C2
]
(B3)
with the arguments for the integral functions as
B(k22 ,m
2
b ,m
2
b), C(k
2
1 , k
2
2 ,m
2
H±
,m2t ,m
2
b ,m
2
b). The contri-
butions of the loop involving t, t, b are given by the sub-
stitutions:
mt ↔ mb, gdLV ↔ guLV , gdRV ↔ guRV , yLHtb ↔ yRHtb;
and FV gets an overall minus sign.
2. Square of the matrix element
The square of the matrix element is given as fol-
lows in terms of the form-factors (G,H, F )t,sL,R defined
in Eq. (13).
We define the following kinematic variables:
s = 2e−i · e+, sˆ = 2e−f · ν¯, t1 = −2e−i · e−f ,
t2 = −2e+ · ν¯, u1 = −2e−i · ν¯, u2 = −2e+ · e−f ,
ǫ(e−i , e
+, e−f , ν¯) = ǫ
µνρσ(e−i )µ e
+
ν (e
−
f )ρν¯σ . (B4)
For the antisymmetric tensor we use the convention
ǫ0123 = +1.
The squares of the matrix elements KtL,R, K
s
L,R, and
Kst are given as follows.
KtL is given by:
KtL = 4|GtL|2u1u2
+ |HtL|2(ssˆ− t1t2 + u1u2 + su1 + sˆu2)(ssˆ− t1t2 + u1u2 + su2 + sˆu1)
+ |F tL|2(−s2sˆ2 − t21t22 − u21u22 + 2ssˆt1t2 + 2ssˆu1u2 + t1t2u21 + t1t2u22)
+ 2Re(GtLH
t∗
L )(u
2
1u2 + u1u
2
2 + ssˆu1 + ssˆu2 + 2su1u2 + 2sˆu1u2 − t1t2u1 − t1t2u2)
+ 8Im(GtLH
t∗
L )ǫ(e
−
i , e
+, e−f , ν¯)(u1 − u2)
+ 2Re(GtLF
t∗
L )(u
2
1u2 − u1u22 − ssˆu1 + ssˆu2 + t1t2u1 − t1t2u2)
11
− 8Im(GtLF t∗L )ǫ(e−i , e+, e−f , ν¯)(u1 + u2)
− Re(HtLF t∗L )(u1 − u2)(s2sˆ+ ssˆ2 − u21u2 − u1u22 + ssˆu1 + ssˆu2
−st1t2 − sˆt1t2 − su1u2 − sˆu1u2 + t1t2u1 + t1t2u2)
− 4Im(HtLF t∗L )ǫ(e−i , e+, e−f , ν¯)(2ssˆ− 2t1t2 + u21 + u22 + su1 + sˆu1 + su2 + sˆu2). (B5)
KtR can be obtained from Eq. (B5) by the substitutions u1 ↔ s and u2 ↔ sˆ, with an additional minus sign for the
GtF t∗ and HtF t∗ terms:
KtR = 4|GtR|2ssˆ
+ |HtR|2(ssˆ− t1t2 + u1u2 + su1 + sˆu2)(ssˆ− t1t2 + u1u2 + su2 + sˆu1)
+ |F tR|2(−s2sˆ2 − t21t22 − u21u22 + s2t1t2 + sˆ2t1t2 + 2ssˆu1u2 + 2t1t2u1u2)
+ 2Re(GtRH
t∗
R )(s
2sˆ+ ssˆ2 + 2ssˆu1 + 2ssˆu2 − st1t2 − sˆt1t2 + su1u2 + sˆu1u2)
+ 8Im(GtRH
t∗
R )ǫ(e
−
i , e
+, e−f , ν¯)(s− sˆ)
− 2Re(GtRF t∗R )(s2sˆ− ssˆ2 − su1u2 + sˆu1u2 + st1t2 − sˆt1t2)
+ 8Im(GtRF
t∗
R )ǫ(e
−
i , e
+, e−f , ν¯)(s+ sˆ)
+ Re(HtRF
t∗
R )(s− sˆ)(−s2sˆ− ssˆ2 + u21u2 + u1u22 − ssˆu1 − ssˆu2
+st1t2 + sˆt1t2 + su1u2 + sˆu1u2 − t1t2u1 − t1t2u2)
+ 4Im(HtRF
t∗
R )ǫ(e
−
i , e
+, e−f , ν¯)(s
2 + sˆ2 − 2t1t2 + 2u1u2 + su1 + sˆu1 + su2 + sˆu2). (B6)
KsL can be obtained from Eq. (B5) by the substitutions t1 ↔ s and t2 ↔ sˆ, with an additional minus sign for the
Im(GsHs∗), Im(GsF s∗) and Im(F sHs∗) terms:
KsL = 4|GsL|2u1u2
+ |HsL|2(−ssˆ+ t1t2 + u1u2 + t1u1 + t2u2)(−ssˆ+ t1t2 + u1u2 + t1u2 + t2u1)
+ |F sL|2(−s2sˆ2 − t21t22 − u21u22 + 2ssˆt1t2 + ssˆu21 + ssˆu22 + 2t1t2u1u2)
+ 2Re(GsLH
s∗
L )(u
2
1u2 + u1u
2
2 − ssˆu1 − ssˆu2 + t1t2u1 + t1t2u2 + 2t1u1u2 + 2t2u1u2)
− 8Im(GsLHs∗L )ǫ(e−i , e+, e−f , ν¯)(u1 − u2)
+ 2Re(GsLF
s∗
L )(u
2
1u2 − u1u22 + ssˆu1 − ssˆu2 − t1t2u1 + t1t2u2)
+ 8Im(GsLF
s∗
L )ǫ(e
−
i , e
+, e−f , ν¯)(u1 + u2)
− Re(HsLF s∗L )(u1 − u2)(t21t2 + t1t22 − u21u2 − u1u22 − ssˆt1 − ssˆt2 + ssˆu1 + ssˆu2
+t1t2u1 + t1t2u2 − t1u1u2 − t2u1u2)
+ 4Im(HsLF
s∗
L )ǫ(e
−
i , e
+, e−f , ν¯)(−2ssˆ+ 2t1t2 + u21 + u22 + t1u1 + t2u1 + t1u2 + t2u2). (B7)
KsR can be obtained from Eq. (B5) by the substitutions u1 ↔ t1 and u2 ↔ t2, with an additional minus sign for
the Im(GsHs∗), Re(GsF s∗), and Re(HsF s∗) terms:
KsR = 4|GsR|2t1t2
+ |HsR|2(−ssˆ+ t1t2 + u1u2 + t1u1 + t2u2)(−ssˆ+ t1t2 + u1u2 + t1u2 + t2u1)
+ |F sR|2(−s2sˆ2 − t21t22 − u21u22 + ssˆt21 + ssˆt22 + 2ssˆu1u2 + 2t1t2u1u2)
+ 2Re(GsRH
s∗
R )(t
2
1t2 + t1t
2
2 − ssˆt1 − ssˆt2 + 2t1t2u1 + 2t1t2u2 + t1u1u2 + t2u1u2)
− 8Im(GsRHs∗R )ǫ(e−i , e+, e−f , ν¯)(t1 − t2)
− 2Re(GsRF s∗R )(t21t2 − t1t22 + ssˆt1 − ssˆt2 − t1u1u2 + t2u1u2)
− 8Im(GsRF s∗R )ǫ(e−i , e+, e−f , ν¯)(t1 + t2)
+ Re(HsRF
s∗
R )(t1 − t2)(−t21t2 − t1t22 + u21u2 + u1u22 − ssˆu1 − ssˆu2 + ssˆt1 + ssˆt2
−t1t2u1 − t1t2u2 + t1u1u2 + t2u1u2)
− 4Im(HsRF s∗R )ǫ(e−i , e+, e−f , ν¯)(t21 + t22 − 2ssˆ+ 2u1u2 + t1u1 + t2u1 + t1u2 + t2u2). (B8)
The interference term Kst between the s- and t-channel diagrams is given by:
Kst = −8Re(GtLGs∗L )u1u2
12
− 2Re(GtLHs∗L )(u21u2 + u1u22 − ssˆu1 − ssˆu2 + t1t2u1 + t1t2u2 + 2t1u1u2 + 2t2u1u2)
+ 8Im(GtLH
s∗
L )ǫ(e
−
i , e
+, e−f , ν¯)(u1 − u2)
− 2Re(GtLF s∗L )(u21u2 − u1u22 + ssˆu1 − ssˆu2 − t1t2u1 + t1t2u2)
− 8Im(GtLF s∗L )ǫ(e−i , e+, e−f , ν¯)(u1 + u2)
− 2Re(HtLGs∗L )(u21u2 + u1u22 + ssˆu1 + ssˆu2 + 2su1u2 + 2sˆu1u2 − t1t2u1 − t1t2u2)
+ 8Im(HtLG
s∗
L )ǫ(e
−
i , e
+, e−f , ν¯)(u1 − u2)
− Re(HtLHs∗L )(−2s2sˆ2 − 2t21t22 + u31u2 + u1u32 − s2sˆu1 − s2sˆu2 − ssˆ2u1 − ssˆ2u2
+4ssˆt1t2 + ssˆt1u1 + ssˆt1u2 + ssˆt2u1 + ssˆt2u2 − ssˆu21 − ssˆu22 + 2ssˆu1u2
+st1t2u1 + st1t2u2 + sˆt1t2u1 + sˆt1t2u2 + 2st1u1u2 + 2st2u1u2 + 2sˆt1u1u2 + 2sˆt2u1u2
+su21u2 + su1u
2
2 + sˆu
2
1u2 + sˆu1u
2
2 − t21t2u1 − t21t2u2 − t1t22u1 − t1t22u2 − t1t2u21 − t1t2u22
+2t1t2u1u2 + t1u
2
1u2 + t1u1u
2
2 + t2u
2
1u2 + t2u1u
2
2)
+ 4Im(HtLH
s∗
L )ǫ(e
−
i , e
+, e−f , ν¯)(u
2
1 − u22 + su1 − su2 + sˆu1 − sˆu2 + t1u1 − t1u2 + t2u1 − t2u2)
+ Re(HtLF
s∗
L )(−s2sˆu1 + s2sˆu2 − ssˆ2u1 + ssˆ2u2 − 2ssˆu21 + 2ssˆu22
+st1t2u1 − st1t2u2 + sˆt1t2u1 − sˆt1t2u2 − su21u2 + su1u22 − sˆu21u2 + sˆu1u22)
− 4Im(HtLF s∗L )ǫ(e−i , e+, e−f , ν¯)(2ssˆ− 2t1t2 + 2u1u2 + su1 + su2 + sˆu1 + sˆu2)
− 2Re(F tLGs∗L )(u21u2 − u1u22 − ssˆu1 + ssˆu2 + t1t2u1 − t1t2u2)
− 8Im(F tLGs∗L )ǫ(e−i , e+, e−f , ν¯)(u1 + u2)
+ Re(F tLH
s∗
L )(ssˆt1u1 − ssˆt1u2 + ssˆt2u1 − ssˆt2u2 − t21t2u1 + t21t2u2 − t1t22u1 + t1t22u2
−2t1t2u21 + 2t1t2u22 − t1u21u2 + t1u1u22 − t2u21u2 + t2u1u22)
− 4Im(F tLHs∗L )ǫ(e−i , e+, e−f , ν¯)(−2ssˆ+ 2t1t2 + 2u1u2 + t1u1 + t1u2 + t2u1 + t2u2)
− Re(F tLF s∗L )(2s2sˆ2 + 2t21t22 + u31u2 + u1u32 − 4ssˆt1t2 − 2ssˆu1u2 − ssˆu21 − ssˆu22 − 2t1t2u1u2 − t1t2u21 − t1t2u22)
− 4Im(F tLF s∗L )ǫ(e−i , e+, e−f , ν¯)(u21 − u22). (B9)
Notice that under the substitution s↔ t1, sˆ↔ t2, the terms involving GtLGs∗L , F tLF s∗L and HtLHs∗L are invariant, while
the terms involving GtLH
s∗
L , G
t
LF
s∗
L and H
t
LF
s∗
L are exchanged with the terms involving H
t
LG
s∗
L , F
t
LG
s∗
L and F
t
LH
s∗
L .
APPENDIX C: DERIVATION OF THE W+H+ AND G+H+ MIXING CONTRIBUTION
W+H+ and G+H+ mixing contributes through diagrams in which the W+H+ or G+H+ mixing is attached to the
internal gauge boson or the external fermion legs. Diagrams with G+H+ mixing attached to the external fermion
legs can be neglected since they are proportional to the electron or neutrino mass. The real part of the W+H+ and
G+H+ mixing does not contribute because of the renormalization condition, Eq. (5), and the Slavnov-Taylor identity,
Eq. (8). The calculation of the imaginary part, which is a sum of all the diagrams involving W+H+ and G+H+
mixing, can be simplified as follows.
In unitary gauge, the G+H+ mixing does not contribute because G+ is not a physical degree of freedom. Focusing
on the W boson propagator and the attached W+H+ mixing, the total W+H+ mixing contribution can be written
as:
[ −i
(k1 + k2)2 −m2W
(
gµν − (k1 + k2)
µ(k1 + k2)
ν
m2W
)]
· (k1 + k2)µ −→
(
1− m
2
H±
m2W
)[ −igµν
(k1 + k2)2 −m2W
· (k1 + k2)µ
]
.
(C1)
Here the (k1 + k2)µ factor on the left-hand side comes from the fact that the W
+H+ mixing is given by
−ikµΣW+H+(k2), where k = k1 + k2 and k2 = m2H± for on-shell H±. On the right-hand side, the term inside
the square brackets is exactly the same as the total W+H+ mixing contribution in Feynman gauge. Therefore, we
have
∑
(W+H+contribution)unitary gauge =
(
1− m
2
H±
m2W
)∑
(W+H+contribution)Feynman gauge. (C2)
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However, due to gauge invariance we can write,
∑
(W+H+contribution)unitary gauge =
∑
(W+H+contribution)Feynman gauge + (G
+H+contribution)Feynman gauge.
(C3)
Therefore,
− m
2
H±
m2W
∑
(W+H+contribution)Feynman gauge = (G
+H+contribution)Feynman gauge. (C4)
The total contribution can now be written in terms of the contribution from G+H+ mixing, which is easy to
calculate as there is only one diagram that contributes:
total =
(
1− m
2
W
m2
H±
)
(G+H+contribution)Feynman gauge. (C5)
The G+H+ mixing attached to the internal gauge boson line always has the same structure as the effectiveW+µV νH−
vertex (for both s- and t- channel), and gives rise to an effective contribution to the form-factor GV :
iGeffV =
(
1− m
2
W
m2
H±
)
(igVWG)
i
m2
H±
−m2W
iΣˆG+H+(m
2
H±), (C6)
where gVWG = mW g
G
V and ΣˆG+H+(m
2
H±
) = iImΣG+H+(m
2
H±
). Using the relation that ImΣG+H+(m
2
H±
) =
(m2
H±
/mW )ImΣW+H+(m
2
H±
) from Eq. (8), we obtain
GeffV = −gGV iImΣW+H+(m2H±). (C7)
Combining this together with the contribution from the vertex counterterm, which can be expressed as
−gGV ReΣW+H+(m2H±), we obtain the result for GtotV given in Eq. (11):
GtotV = G
loop
V − gGV ΣW+H+(m2H±). (C8)
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